The crystal structures of dirubidium potassium dysprosium bis(vanadate), Rb 2 KDy(VO 4 ) 2 , and caesium potassium gadolinium bis(vanadate), Cs 1.52 K 1.48 Gd(VO 4 ) 2 , were solved from single-crystal X-ray diffraction data. Both compounds, synthesized by the reactive flux method, crystallize in the space group P3m1 with the glaserite structure type. VO 4 tetrahedra are linked to DyO 6 or GdO 6 octahedra by common vertices to form sheets stacking along the c axis. The large twelve-coordinate Cs + or Rb + cations are sandwiched between these layers in tunnels along the a and b axes, while the K + cations, surrounded by ten oxygen atoms, are localized in cavities.
Chemical context
Many studies have been devoted to phosphates, vanadates and arsenates with the general formula (A,A 0 ) 3 Ln(XO 4 ) 2 (A,A 0 = alkaline elements, Ln = rare-earth element and X = P, V, As) because of their outstanding optical properties. This type of compound has numerous possible applications, such as their use in the production of low-and high-pressure mercury lamps or colour television screens (Hong & Chinn, 1976) . It has been shown that these optical properties are enhanced by the presence of either a rare-earth element or an XO 4 group and are determined by the fine details of the crystal structures of those materials (Benarafa et al., 2005; Rghioui et al., 1996 Rghioui et al., , 1999 Rghioui et al., , 2006 . For instance, Parent et al. (1980) studied the luminescence phenomenon in Na 3 La 1-x Nd x (PO 4 ) 2 and Na 3 La 1-x Nd x (VO 4 ) 2 and measured the life time of the excited state 4F
3/2 as a function of the Nd 3+ concentration. From a detailed examination of the emission and excitation spectra, Srivastava et al. (1990) were determined by Finke et al. (1992 Finke et al. ( , 1994 . The optical properties of the La atom in K 3 La(PO 4 ) 2 ; K 2 RbLa(PO 4 ) 2 ; Rb 2 KLa(PO 4 ) 2 and Rb 3 La(PO 4 ) 2 phosphates, investigated by FTIR and VUV spectroscopy, have allowed the determination of the values of band-gap energies for K 3 La(PO 4 ) 2 prepared by two different methods (Sasum et al., 1997) . In addition, Guzik et al. (2007) concluded that the emission phenomenon occurs from the charge transfer state in Na 3 Lu 1-x-y Yb x (PO 4 ) 2 and Na 3 Y 1-x-y Yb x (PO 4 ) 2 compounds. More recently, the optical properties of the Eu 3+ ion were widely investigated in K 3 Eu(XO 4 ) 2 where X = P, As and V, K 2 YbHo 1-x-y Eu x (PO 4 ) 2 , ISSN 2056-9890 K 2 CsLn(VO 4 ) 2 where Ln = La and Gd (Benarafa et al., 2009; Rghioui et al., 2015; Duke John David et al., 2016; Tao et al., 2014; Farmer et al., 2014 Farmer et al., , 2016 . In the case of K 3 Eu(XO 4 ) 2 , a vibronic coupling mechanism was proposed to explain the process of europium emission observed under 647.1 nm excitation.
From a crystallographic point of view, the related (A,A 0 ) 3 Ln(XO 4 ) 2 compounds with A,A 0 = K, Rb and Cs adopt three structure types. The first is a monoclinic system, space group P2 1 /m, represented by the phosphate K 3 Nd(PO 4 ) 2 . The second one is trigonal, space group P3, represented by K 3 Lu(PO 4 ) 2 , while the third one is also trigonal but in space group P3m1 and represented by the glaserite K 3 Na(SO 4 ) 2 . The present work is a continuation of our structural investigations by X-ray diffraction of the (A,A 0 ) 3 Ln(XO 4 ) 2 system where A,A 0 = K, Rb and Cs, Ln = rare earth and X = P, V, As (Rghioui et al., 1999 (Rghioui et al., , 2002 (Rghioui et al., , 2007 . The present paper reports the synthesis and the crystal structure determination of the title compounds by X-ray diffraction at room temperature and vibrational spectroscopy.
Structural commentary
Dirubidium potassium dysprosium bis(vanadate), Rb 2 KDy(VO 4 ) 2 , and caesium potassium gadolinium bis(vanadate), Cs 1.52 K 1.48 Gd(VO 4 ) 2 , both compounds crystallize in the space group P3m1 with the common glaserite, K 3 Na(SO 4 ) 2 , structure type (Moonre, 1973; Okada & Ossaka, 1980) . The formulae determined by X-ray diffraction are consistent with the results of chemical analysis. In both structures, all atoms are in special positions of the P3m1 space group, namely Dy1 in Wyckoff position 1a (3m), Rb1 in 1b (3m), K1/Rb2, V1 and O2 in 2d (3m) and O1 in 6i (m). The structures of the two vanadates are built up from two independent VO 4 tetrahedra 1042 Layer of VO 4 tetrahedra linked to DyO 6 octahedra by vertex sharing in the structure of Rb 2 KDy(VO 4 ) 2 .
Figure 3
View along the c axis of a layer in the structure of the title compounds, showing the cavities in which the K/Rb + (or K/Cs + ) cations are located.
Figure 4
Three-dimensional view of the crystal structure showing Rb + (or Cs + ) cations between the layers stacked along the c axis.
sharing an apex with DyO 6 or GdO 6 octahedra in such a way as to form a layer parallel to the ab plane, as shown in Fig. 1 . Three of the six VO 4 tetrahedra surrounding each DyO 6 or GdO 6 octahedron are oriented upwards and the other three down. The concatenation of these polyhedra delimits large tunnels and cavities of site symmetry 3m and 3m in which are located rubidium and a statistical mixture of rubidium and potassium atoms (Fig. 2) .
The coordination polyhedron of the mixed site is formed by ten oxygen atoms belonging to three edges, one face and one vertex of five VO 4 tetrahedra as shown in Fig. 3 . The K/Rb-O distances range from 2.681 (8) to 3.312 (7) Å . The twelve oxygen atoms surrounding the rubidium atom form an irregular cuboctahedron with Rb-O distances varying between 3.133 (2) and 3.4649 (3) Å . The main interatomic distances and angles are compatible with the values quoted in the literature (Gagné & Hawthorne, 2016; Gagné, 2018) .
The three-dimensional structure consists of a basic tetrahedral-octahedral framework, forming layers that stack along the c-axis direction, as shown in Fig. 4 . In glaserite-like structures, the large cations are located between the layers in channels running along the a-and b-axis directions and the average size cations are located in the cavities (see Fig. 5 ).
Vibrational spectroscopy
The Raman and infrared spectra for Rb 2 KDy(VO 4 ) 2 are shown in Figs. 6 and 7, respectively. Their band assignments given in Table 1 are based on previous works for homologous vanadates (Rghioui et al., 1999 (Rghioui et al., , 2012 Benarafa et al., 2009) . The stretching modes of (VO 4 ) 3À anions are usually found in the region 950-700 cm À1 . The peaks observed in the Raman spectrum at 935, 875 and 740 cm À1 as well as the corresponding bands in the infrared spectrum at 925, 830 and 755 cm À1 are all attributed to the symmetric (VO 4 ) 3À and the asymmetric (VO 4 ) 3À vibration. The bending vibrations of (VO 4 ) 3À are seen in the range 390-310 cm À1 . As in previous works (Rghioui et al., 2012) , the separation between the symmetric and asymmetric bending can not be identified in the vibrational spectra. The bands lying between 230 and 95 cm À1 in the spectra are assigned to the lattice vibrations. They are due to the VO 4 rotation and to the VO 4 Three-dimensional perspective view along c axis of the crystal structure of Rb 2 KDy(VO 4 ) 2 .
Synthesis and crystallization

Figure 6
Raman spectrum of Rb 2 KDy(VO 4 ) 2 . Figure 7
Infrared spectrum of Rb 2 KDy(VO 4 ) 2 .
Rb 3 VO 4 (or Cs 3 VO 4 ). The reagents were ground in an agate mortar and placed in a platinum crucible. The temperature was raised slowly to 873 K and maintained for 24 h, permitting the carbonates to decompose. A second treatment at the melting temperature of 1273 K was performed, followed by slow cooling at a rate of 4 K h À1 to 673 K and then quickly to ambient temperature. Each thermal treatment was interspersed with grinding. The obtained product was then washed with distilled water in order to eliminate the flux. The resulting product contained single crystals of a suitable size for the X-ray diffraction study.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 2 . In the refinement procedure, the substitutional occupation of the mixed sites was freely refined and restricted to the occupancy of one site for Cs 1.52 K 1.48 Gd(VO 4 ) 2 but restricted to 0.5:0.5 for Rb 2 KDy(VO 4 ) 2 . publCIF (Westrip, 2010) .
Dirubidium potassium dysprosium bis(vanadate) (I)
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Geometric parameters (Å, º)
Rb1-O1 i 3.133 (2) K1-O1 xvii 2.9951 (5) Rb1-O1 ii 3.133 (2) K1-O1 xviii 2.9951 (6) Rb1-O1 iii 3.133 (2) K1-O1 iii 2.9951 (6) Rb1-O1 iv 3.133 (2) K1-O1 xix 2.9951 (5) Rb1-O1 v 3.133 (2) K1-O1 i 2.9951 (5) Rb1-O1 vi 3.133 (2) K1-O1 xx 3.312 (7) Rb1-O2 vii 3.4648 (3) K1-O1 xxi 3.312 (7) Rb1-O2 viii 3.4648 (3) K1-O1 xxii 3.312 (7) Rb1-O2 ix 3.4648 (3) K1-V1 xx 3.460 (7) Rb1-O2 3.4648 (3) K1-V1 vii 3.4681 (8) Rb1-O2 iii 3.4649 (3) Rb2-O2 2.647 (5) Rb1-O2 iv 3.4649 (3) Rb2-O1
Caesium potassium gadolinium bis(vanadate) (II)
Crystal data Extinction coefficient: 0.0022 (6)
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 0.0404 (7) 0.0404 (7) 0.0144 (7) 0.0202 (4) 0.000 0.000
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
Geometric parameters (Å, º)
Cs1-O1 
